The members of the family of Gproteins are characterized by their ability to bind and hydrolyze guanosine triphosphate (GTP) to guanosine diphosphate (GDP). Despite a common biochemical function of GTP hydrolysis shared among the members of the family of G-proteins, they are associated with diverse biological roles. The current work describes the identification and detailed analysis of the putative G-proteins encoded in the completely sequenced prokaryotic genomes. Inferences on the biological roles of these G- 
INTRODUCTION
The family of G-proteins is comprised of regulatory Guanosine Triphosphate (GTP) hydrolases. They are known to bind and hydrolyze GTP to result in Guanosine Diphosphate (GDP). G-proteins act as molecular switches in cellular signalling pathways. The GTP-and GDP-bound states of these proteins determine their affinity for other proteins in downstream signalling events. [1] [2] [3] These proteins are involved in essential functions of the cell such as differentiation and proliferation, transmembrane signalling mediated by hormones and light, protein trafficking, secretion, cytoskeletal organization, cell motility, endocytosis, and protein synthesis. [1] [2] [3] The biological activities of certain members of the Gprotein family are regulated by various accessory proteins. These include (1) the families of Guanine nucleotide Exchange Factor (GEF), which catalyzes the exchange of GTP for GDP, (2) GTPase Activating Protein (GAP), which enhances the rate of hydrolysis of GTP, and (3) Guanine nucleotide Dissociation Inhibitor (GDI), which is involved in the inhibition of the release of GDP from certain classes of G-proteins such as the Rab class. [1] [2] [3] The G-protein family can be classified broadly into four subfamilies on the basis of their biological functions and molecular weights. These are (1) small GTP-binding proteins, (2) translational GTPases, (3) ␣-subunit of heterotrimeric G-proteins, and (4) large GTP-binding proteins.
Small GTP-binding proteins are conserved across all the eukaryotes from yeast to human. 4 This subfamily can be divided further, based on similarities in their effector binding region and downstream targets. The five classes of small GTPases are Ras, Rho/Rac/Cdc42, Rab, Arf/Sar1, and Ran. [3] [4] [5] [6] The members of these subfamilies are involved in diverse functions such as signalling, vesicular trafficking, and cytoskeletal organization. [3] [4] [5] [6] [7] [8] These proteins appear to elicit their functions through their mutual cross-talks and multiple downstream effectors in a variety of cellular events. Small GTP-binding proteins, with the exception of Ran and Sar1, undergo post-translational modification that localizes them to the membrane. The sites of post-translational modification vary within the subfamily. The C-terminal of the Ras, Rho/Rac/Cdc42, and Rab class of proteins is covalently attached to various lipid moieties such as the farnesyl, geranylgeranyl, palmitoyl, and methyl groups, while the members of the Arf class undergo modification at the N-terminal with myristic acid. 4, 9 The ␣-subunit of heterotrimeric G-protein in its GDPbound state forms a ternary complex with the ␤ and ␥ subunits in unstimulated cells. On perception of signals, from the receptor, GTP replaces the GDP with the help of GEFs, and this step is followed by the dissociation of ␣-subunit from the ␤␥-subunits. The heterotrimeric Gproteins are currently known to occur only in eukaryotes. 10 The translational GTPase subfamily is comprised of those members of G-proteins that are involved in the various steps during protein. 11 This subfamily includes initiation factors (Initiation factor 2 (IF2), eIF2␥, elongation factor-Tu (EF-Tu), selenocysteine-specific elongation factor B (SELB), elongation factor-G (EF-G), and release factor 3 (RF3). Most of these are known to occur both in prokaryotes and eukaryotes. This might be due to their involvement in the most conserved mechanism of protein synthesis. 11 The large GTP-binding protein subfamily is known to occur only in eukaryotes and it is comprised of proteins of high molecular weight. These proteins are associated with high intrinsic rates of GTPase activity and are involved in a variety of functions including endocytosis [12] [13] [14] and viral resistance. 15, 16 Despite low-sequence similarity shared among the members of this subfamily, they share similar biochemical and structural properties. This subfamily includes proteins such as dynamin, interferon ␥ induced Guanylate Binding Protein (GBP), Mx proteins, yeast Mgm1, Vps1, and Dnm1. 14 In addition to these well-characterized subfamilies, the family of G-proteins also includes a few new subfamilies. Members of these new subfamilies share low sequence similarity with the members of the well-characterized subfamilies. The subfamily of Developmentally regulated GTP binding proteins (DRG) [17] [18] [19] is known to be involved in the regulation of cell differentiation. Escherichia coli Ras-like GTP-binding protein (Era) 20 mediates the coordination of the cell growth rate with cytokinesis 21, 22 and hence plays a crucial role in cell cycle regulation. Obg (spoOB associated GTP binding protein) plays a critical role in regulating replication and differentiation and has also been shown to be essential for cell viability in B. subtilits. 23 The classification of the G-proteins based on sequence and functional similarity as described in databases such as PRODOM, 24 SMART, 25 and Pfam 26 is largely consistent with the classification described above.
The three-dimensional (3-D) structures of various Gproteins solved to date reveal a common structural core belonging to the P-loop nucleotide hydrolase fold. The most conserved guanine nucleotide-binding site is formed by residues located far in the primary structure, which come close to one another in the 3-D structure. 27 Five polypeptide loops that form the guanine nucleotide-binding pocket mark the most highly conserved elements that characterize the G-protein family. The five loops are designated G-1 through G-5. G-1, also referred to as P-loop, is characterized by the consensus sequence G-X-X-X-X-G-K-S/T (X is any amino acid) and is known to interact with the ␣ and ␤ phosphates of guanine nucleotide. The G-2 motif is X-T-X, where threonine is involved in the coordination of Mg 2ϩ . The G-3 motif has the characteristic D-X-X-G motif wherein the Asp co-ordinates with Mg 2ϩ and Gly is hydrogen bonded to the ␥ phosphate of GTP through the backbone amide. 28, 29 The N/T-K-X-D motif in the G-4 loop is responsible for the recognition of the guanine ring over other bases. 30 The G-5 loop with consensus sequence T/G-C/S-A also helps in the recognition of the guanine base. 27, 31 The G-1, G-3, and G-4 motifs are highly conserved among G-proteins and hence they form the characteristic features of G-proteins.
In the present analysis, we have surveyed the Gproteins encoded in the 42 completely sequenced prokaryotic genomes using sensitive sequence search methods. The G-proteins thus identified have been grouped into various functional classes following the classification scheme of Leipe et al. 32 who have studied the evolution of the GTPases and related ATPases (that belong to the broad class of P-loop nucleotide hydrolases) identified from the nonredundant sequence databases. The classification scheme followed in the analysis for the functional assignment of putative G-proteins is tabulated in Table I . The present analysis particularly focuses on the comprehensive collection of prokaryotic members identified using sequence search methods. The current work also provides an in-depth perspective on the varieties of G-proteins that occur in specific prokaryotes with complete genome data. Further analysis presented in this study is on the occurrence of other functional domains in the gene products containing the GTPase domains. Such analysis on the combinations of domains provides hints on the specific biological roles of those G-proteins.
MATERIALS AND METHODS Databases
The completely sequenced genomes of 8 archaebacteria and 34 eubacteria have been surveyed for the occurrence of 
Sequence Analysis
Amino acid sequences of all the putative proteins encoded in these genomes have been analyzed in order to identify the G-proteins in these genomes. The forward and reverse family profile matching programs, PSI-BLAST 33 and IMPALA, 34 obtained from the NCBI resource have been used for this purpose. The Hidden Markov Model matching program HMMER2 35 has been obtained from the University of Washington (http://hmmer.wustl.edu/) and this program has also been used in the current analysis. All the computations have been performed on several single processor linux-driven PCs and on a sixnode multi-processor linux cluster.
IMPALA searchable profiles 36 or position-specific scoring matrices (PSSMs) were generated for a collection of diverse members of every family represented in Pfam using the multiple sequence alignments given in Pfam. All the sequences from the genome data have been queried against the PSSM database with an E-value cutoff of 10 Ϫ8 . This E-value cutoff has been extrapolated from the one reported by Schaffer et al. 34 as well as based on benchmarking (Mhatre and Srinivasan, unpublished results) using a database of structure-based sequence alignments of similarly folded proteins. 37 The amino acid sequences from the genome data were queried, also against family specific Hidden Markov Models obtained from Pfam, using the HMMER2 algorithm (E-value cutoff: 10 Ϫ2 ) for domain assignment. For most of the gene products, domain assignments have been made by consulting the results from both IMPALA and HMMER searches. The domain boundaries have been assigned, mostly based on IMPALA results although HMMER alignments have also been considered. The hits were carefully analyzed manually for the presence of characteristic motifs of G-protein (G-1, G-3, and G-4) specifically to remove false positives from the analysis.
Further PSSMs specific to individual subfamilies has been generated using the multiple sequence alignments of members that are known to constitute the subfamily. These have been used in assigning the gene products to specific subfamilies of G-proteins. The PSSMs for the subfamilies of G-proteins were searched using the program, IMPALA, in order to associate the query sequence with a subfamily.
The regions of at least 50 residues length in the GTPase containing gene products, which could not be assigned a functional domain, have been searched against the NRDB non-redundant database. For this purpose, PSI-BLAST has been used with the E-value cutoff of 10 Ϫ4 until the convergence is reached or for 20 cycles whichever is earlier. This has been performed to explore the possibility of occurrence of domains that may not be identified in IMPALA and HMMER searches. The phylogenetic trees of G-protein family members have been generated using PHYLIP package 38 using the dissimilarity measures given by the multiple sequence alignment program MALIGN. 39 Table II lists the number of different G-proteins of various subfamilies in the genomes analyzed.
RESULTS AND DISCUSSION
The occurrence of members of the G-protein family has been investigated in 42 completely sequenced prokaryotic genomes. We have used mainly sensitive tools such as IMPALA, HMMER2, and PSI-BLAST in our survey for G-proteins (see Materials and Methods). The hits have been evaluated in terms of their statistical significance (e-value) and the occurrence of G-protein-specific motifs (G-1, G-3, and G-4). The subjective decision has been taken in some ambiguous cases with reference to classification into subfamilies. The list of various genomes of the complete data surveyed and the number of hits of various subfamilies of G-proteins are given in Table II . A comprehensive list of all the GTPase domains containing gene products has been provided along with their gene codes and domain assignments in the Supplementary material available with the on-line version of this article.
Small GTP-Binding Proteins
Small GTP-binding proteins are known to be involved in specialized functions of eukaryotes like cellular differentiation, cytoskeletal organization, and cell motility and hence their occurrence has been known to be largely restricted to eukaryotes. 4, 8 Recently, ras-like GTPase has been identified in Myxococcus xanthus, 40 a Gram-negative bacterium known to have specialized developmental stages in its life cycle. However, the occurrences and roles of small Gproteins in other bacteria have been less well studied. We have systematically surveyed for the presence of homologues of small GTP-binding protein in prokaryotes. In our analysis, we have identified 7 homologues (3 in archaebacteria, and 4 in eubacteria) as listed in Table II . The identified gene products have further been classified into functional classes tabulated in Table III . Among the various classes of small G-proteins described earlier, 6 the Arf, Ras, and Rab class members have been identified in the prokaryotic genomes analyzed in the current study. Although the best pairwise sequence identity among these putative small G-proteins with the eukaryotic counterparts is 26%, the 3-D fold of P-loop nucleotide hydrolase, shared among all the eukaryotic small G-proteins, could be reliably associated to these homologues by Gen-THEADER. 41 Subsequently, we have analyzed the conservation of GTP-binding motifs in these hits and the results are summarized in Table III . Only one of the homologues, from M. loti (gi13472827), has all the 3 characteristic GTP-binding motifs present while the G-1 and G-4 motifs are well conserved among all the prokaryotic homologues. The careful examination of putative bacterial homologues lacking the G-3 motif revealed two distinct variants of the G-3 motif with TXXG or GXXG replacing the conventional DXXG motif. The known 3-D structures of G-proteins show that the side chain of aspartate in DXXG motif interacts with the Mg 2ϩ through a water molecule in the GTP-bound form and directly with the Mg 2ϩ in the GDP-bound form. 28, 29 The side chain of threonine can potentially play the same role as aspartate in DXXG motif and can be accommodated in place of aspartate. Although the glycyl residue is less likely to be involved in the co-ordination of Mg 2ϩ , the involvement of its main chain in a similar role cannot be precluded.
The absence of cysteine-rich motifs, namely CXC and CXXC, the sites of post-translational modifications, at the C-terminus in the bacterial small GTPases suggests that their subcellular localisation may be mainly cytosolic. However, the adapter-mediated translocation of these bacterial small GTPases is still an open question.
Three of the hits, namely gi2649400 (A. fuldigus), gi1591981 (M. jannaschii), and gi2623036 (M.thermoautotrophicum) have been identified previously as members of a small GTP-binding protein subfamily in a separate study. 42 While these relationships have been made with a broad set of small GTP-binding protein subfamilies, the present analysis goes a step further and shows that these hits are more closely related to the Era-like protein (which belongs to GTPase of an unknown function subfamily).
The length of all the putative bacterial small G-protein homologues is confined to less than 200 residues with the only exception (gi2621673) a putative GTPase from M. thermoautotrophicum. This gene product contains the GTP-binding domain of 153 residues at the C-terminus. The N-terminus of this gene product shows significant similarity to the KaiC protein involved in circadian rhythm in cyanobacteria. 43 The experimental evidence suggests that KaiC is involved in the regulation of cell division, nitrogen fixation, and photosynthesis. 43 The GTPase domain along with KaiC probably allows fine-tuning of the function of KaiC, acting as a switch between the active and inactive states of the protein.
We have obtained a phylogenetic tree for these hits along with some of the classical small GTP-binding proteins (Fig. 1) . All bacterial putative GTPases are separately clustered in the dendrogram with the exception of the putative G-protein from M. loti. This gene product also contains the maximal number of conserved GTP-binding sequence motifs that is characteristic of the eukaryotic counterpart and is clustered with eukaryotic small GTPases. Since these putative GTP-binding proteins are distantly related to eukaryotic Ras proteins, there could be profound structural differences and these distinct regions, M. thermoautotrophicum ϩ Ϫ ϩ Arf P-loop nucleotide hydrolase † ϩ and Ϫ indicate the presence and absence, respectively, of a given motif in a given gene product. apart from the characteristic GTP-binding motifs, might influence their activity.
The prokaryotic genomes have also been surveyed for the occurrences of eukaryotic-like GAP and GEF proteins that are known to regulate GTPase activity. Our search for these accessory proteins did not identify any proteins to be similar to the eukaryotic counterparts. However, the occurrence of prokaryotic GAP and GEF, which are known to be distinct in sequence and structure to the eukaryotic GAP and GEFs, has been reported previously by experimental studies in some of the pathogenic bacteria.
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Translational GTPases
The members of this subfamily are involved in protein synthesis, which is an essential process for cell survival. These have been well conserved during the evolution and most of them are ubiquitous. 11, 48 We have classified the bacterial homologues belonging to this subfamily further into different classes based on their function as Initiation factor, Elongation factor Tu, Elongation factor G, SelB, and Release factor 3. The homologues of LepA and TypA/ BipA have also been included as two distinct classes in the above subfamily (Table I ). The biological roles of the prokaryotic putative translational GTPases have been suggested based on their similarity in domain combination (Fig. 2) and similarities in inter-domain regions of previously well-characterized translational GTPases of known function.
The initiation factor class includes eIF2␥ and IF2/ eIF5B, which are involved in the initiation of early events in protein biosynthesis. These proteins promote the formation of the initiation complex by bringing fMet-tRNA i to the ribosome 30S subunit at the start codon of mRNA. 49 The eubacterial IF2s are functionally equivalent to the eIF2s occurring in archaea as well as eukaryotes. The GTPase domain of IF2 shows sequence similarity with the eIF2␥-subunit of the eukaryotic and archaeal eIF2 complex. 50 Recently, the homologue of IF2, also referred to as eIF5B, has been identified in archae 51 and in eukaryotes such as yeast 52 and human. 53 Although the function of eIF5B/IF2 in the eukaryotes and archaea is not clear, experimental evidence suggests that it is required during the translational initiation and association of ribosomal subunits. 54 The deletion mutant of eIF5B/IF2 results in a slow growth phenotype in yeast and is not lethal, suggesting a less critical role compared to the well-studied eIF2s in the yeast. 51, 52 Every archaeal genome analyzed encodes two homologues of this class. One of these homologues is closely related to IF2 and the other homologue shares significant sequence similarity with eIF2␥. However in all eubacterial genomes surveyed, only one IF2 has been identified and no eIF2␥ homologues were detected (Table  II) . The dendrogram of the identified IF2 and eIF2␥ homologues shows distinct clusters though they are involved in similar functions (Fig. 3) .
Further, we have analyzed the extent of the conservation of GTP-binding motifs (G-1, G-3, G-4) in the prokaryotic IF2s and eIF2␥s identified. While G-3 and G-4 motifs are well conserved in all the initiation factors, a variation has been observed in the G-1 motif of a few of the initiation factors. The following putative initiation factors, gi5458562 (P. abysii), gi1590990 (M. jannaschii), and gi3257511 (P. horikosii) have their G-1 motif modified as GXXXXGKC in place of the more typical GXXXXGK(T/S) motif. The G-1 motif in these cases is also located at an unusual distance (in the primary structure) with respect to G-2 with a huge insertion of about 400 amino acids between the G-1 and G-2 motifs. The substitution of cysteine for threonine in the G-1 motif has been observed in these exceptional cases. Threonine in the canonical motif mediates the interactions with ␣ and ␤ oxygen of GTP through the main chain amide. This substitution is, hence, unlikely to be drastic and can be well accommodated without the disruption of polar interactions. In addition, the weakly polar thiol group of cysteine has potential to form a weak hydrogen bond with ␤ phosphate oxygen and can coordinate metal ions similar to the interaction mediated by the side chains of Ser/Thr. The G-4 motif occurs as NKXE, instead of the canonical NKXD, in gi3258137 (P. horikosii), which has been identified as putative eIF2␥. Here the replacement of Asp by Glu is unlikely to affect this interaction since both are acidic.
The elongation factor Tu (EF-Tu) class includes EF-Tu/ EF1A, which participates in the elongation step wherein they are involved in carrying the aminoacylated tRNA to the mRNA programmed ribosome P-site. 55 We have identified members of this class to be present in all the archaebacteria and eubacteria (Table II) , and X. fastidiosa, more than one copy of EF-Tu is present. The putative EF-Tu identified in these genomes showed the conserved G-1, G-3, and G-4 motifs except in some of the sequences where asparagine of the G-4 motif is substituted by threonine or serine. This substitution can be accommodated since Asn is mostly involved in hydrogen bond interaction and Ser/Thr also has the potential to form such hydrogen bonds.
The elongation factor G (EF-G) class includes EF-G/EF2 and catalyzes the translocation step, wherein after peptide bond formation, a peptidyl-tRNA moves from the A site to the P site with the release of deacylated t-RNA from the P-site. 56 Members of this class are identified in all the genomes surveyed (Table II) . This can be understood from the fact that they are essential for the survival of the cell. In B. burgdorrferi, D. radiodurans, L. lactis, M. tuberculosis, M. loti, P. aeruginosa, Synechocystis sp., T. pallidum, T. maritima, and V. cholerae, we could identify EF-G paralogues, which would perform a similar function as EF-G. These putative EF-Gs have all the GTP-binding motifs conserved except in some variants where asparagine of the G-4 motif is substituted by threonine or serine. One of the putative EF-G, gi10582035 (Halobacterium sp.), does not have a G-1 motif. The mode of binding of this gene product to guanine nucleotides is, hence, unclear.
The SelB class includes selenocysteine-specific elongation factor SelB, which is required for incorporation of the unusual amino acid selenocysteine at the in-frame (UGA) codon in mRNA during translation of selenoproteins. 57 The SelB shows sequence similarity with EF-Tu at the N-terminus and is longer than EF-Tu. The C-terminus of SelB is known to be involved in the recognition of mRNA secondary structures specific for selenocyteine insertion. 58 We have identified SelB only in 7 of the bacterial genomes (1 archae and 6 eubacteria) as tabulated in Table II . The synthesis of selenoproteins is restricted to either anaerobic growth condition or chemical environment protected from oxygen, since selenocyteine gets readily oxidized. 57 The absence of SelB from most of the genomes suggests that the SelB gene is selectively transferred or retained during the course of evolution in the organisms capable of growth in an anaerobic or chemical environment protected from oxygen where selenoproteins become indispensable for survival. Interestingly, we have identified the DEP domain towards the C-terminus in two of the putative SelB proteins from H. influenzae (gi1573710) and P. multicoda (gi12722183). While the functional role of DEP is unknown, in Drosophila it rescues polarity defects and induces JNK signaling. 59 The DEP domain most often occurs in signalling proteins that contain PH, rasGEF, rhoGEF, rhoGAP, RGS, and PDZ domains. Hence the presence of the DEP domain in prokaryotes is unexpected since it is known to occur only in the eukaryotic signalling proteins mentioned above. All the putative SelB proteins identified have well-conserved characteristic GTP-binding motifs except for a few cases where the G-4 motif has Thr/Ser in place of asparagine in the typical G-4 motif.
The release factor class includes release factor 3 (RF3), which is involved in the termination step of the protein synthesis in prokaryotes.
60 RF3-GTP promotes the release of RF1 and RF2 from the ribosome following peptidyl t-RNA hydrolysis at termination. 61 The translation termination step is highly regulated in eukaryotes with eRF3 performing the same function as RF3. The eRF3 has been shown to be essential for the survival of the eukaryotes. 60, 62 In the current analysis, RF3 have been identified in 14 eubacterial genomes (Table II) . None of the archaebacterial genomes surveyed have any representatives from this class of translational GTPases. The RF3 shares significant sequence similarity with EF-G, an elongation factor, and probably employs a similar mechanism as EF-G 11, 63 for the release of the polypeptide at the termination step. The absence of RF3s in archae and a significant number (20) of the eubacterial genomes surveyed, therefore, suggest the EF-Gs could play a role of RF3 in the release of polypeptides. 63 All putative RF3 proteins identified in the present analysis have GTP-binding motifs conserved except that the G-1 motif has been conserved as SXXXXGK[T/S] instead of GXXXXGK[T/S]. This change is unlikely to affect the ability of these proteins to bind to GTP.
The LepA class of proteins includes LepA proteins, which shows sequence similarity to EF-G, but the functions of these are not well characterized experimentally. 64 It is probably involved in the regulation of translation although it has been shown not to be critical for the survival of the cell. 65 Among eukaryotes, yeast has been shown to have LepA homologues. 66 We have identified LepA members only in eubacterial genomes (Table II) The TypA (Tyrosine phosphorylated protein A)/BipA class is comprised of GTP-binding proteins that get phosphorylated in the cell but the details of their functions are not completely understood. [67] [68] [69] This class of proteins also shares overall sequence similarity to EF-G. Certain experimental evidence suggests that it interacts with ribosome in a GTP-dependent manner and shows a novel mechanism of regulation of the expression of the target protein. (Table II) and the archaebacterial genomes. Most of the putative TypA/BipA protein showed the presence of GTP-binding motifs. The phylogenetic tree (Fig. 3 ) construction using representative sequences of the identified translation GTPases shows that various class members are closely related and the classes form distinct clusters.
The switching ability of G-proteins with GTP hydrolysis, and the concomitant conformational change, have been exploited in protein synthesis and all the critical steps have proteins with conserved GTP-binding domains. These translational GTPases, apart from the GTP-binding domain, also contain one other conserved structural domain (Domain II), 70 which is equivalent to the EF-Tu 2 domain described in Pfam. These two domains are also known to interact with ribosome. 56 The tandem occurrence of these two domains in all the translational GTPases suggests them to be conserved evolutionarily as a structural unit 70 for interaction with ribosomes. The other domains associated with this structural unit in the various translational GTPases may confer the specificity towards various target proteins involved in translation.
New Subfamilies of G-Proteins
The other GTP-binding proteins, which show no significant sequence similarity with the currently known subfamilies, form new subfamilies of G-proteins. We have classified the prokaryotic representatives of these subfamilies into GTPase of unknown function and GTP_OBG as described in the Pfam 26 classification. The subfamily of GTPase of unknown function has been classified into four classes namely Era (Escherichia coli Ras-like), EngA (Essential neisserial GTP-binding protein), TrmE (t-RNA modification E)/ThdF, and hypothetical GTP-binding proteins. Using profiles of these classes, homologues from prokaryotic genomes have been identified and classified appropriately. In general, greater representation of these homologues has been observed in the eubacterial genomes compared to the archaeal genomes. The dendrogram of the identified homologues shows that different classes of this subfamily form distinct groups within the broad cluster of the subfamily of GTPase of unknown function and the GTP_OBG subfamily forms a separate cluster (Fig. 4) .
The function of the Era class of proteins remains elusive but experimental evidence suggests that Era regulates the cell cycle by coupling cell growth rate with cytokinesis. 21, 22, 64 There is other experimental evidence that indicates it is also involved in regulating carbon/nitrogen metabolism 20, 71 and are also proposed to be essential for cell survival. 21, 22, 71 The Era C-terminal has a pseudo KH domain (which is present in many RNA-binding proteins) and has been shown to bind to 16S RNA specifically.
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The Era-like proteins are also present in eukaryotes such as C. elegans, yeast, human, and mouse. 75 We could identify the Era-like protein in all the genomes surveyed (Table II) as expected, since loss of the Era gene in E.coli is shown to be lethal. 21, 22, 71 We have also identified paralogues of the Era-like protein in many genomes, which is suggested to have resulted from gene duplication events. Era-like proteins, previously known to occur only in two archaeal genomes, 32 have now been identified in all the 8 archaeal genomes surveyed. Their genome-wide occurrence in archaea as well as eubacteria reiterates their critical roles in important functions, although to the best of our knowledge there have been no experimental studies on Era-like functions in archaea. The identified archaebacterial homologues cluster with the Era class of proteins as shown in Figure 4 . We also surveyed for the occurrence of the KH domain in all the putative Era-protein-like gene products. The absence of the KH domain in other homologues of Era proteins suggests that either the occurrence may not be essential for the activity of Era proteins or the sequence has diverged beyond recognition by our search procedures.
The EngA class of proteins has been shown to be essential for growth in N. gonorrohoeae. 48, 76 It has two tandem GTP-binding domains, in contrast to all other G-proteins that have one GTP-binding domain, which gives rise to the possibility of a tandem switch and fine regulation of cellular events by EngA. 64 We have identified EngA-like proteins in all the eubacterial genomes. The absence of EngA homologues from archae and eukaryotes 64 suggests them to be unique to the eubacterial lineage with their probable participation in specific functions restricted to eubacteria.
Members of the subfamily TrmE/ThdF are probably involved in tRNA modification. 48, 77 It encodes an enzyme involved in the biosynthesis of 5-methylaminomethyl-2-thiouridine, a nucleoside found in the wobble position of some t-RNAs. 48, 78, 79 The GTP-binding domain in TrmE/ ThdF is located at the C-terminus and it was shown that the amino terminus could be removed without affecting GTPase activity. 77 The last four amino acids of the TrmE/ ThdF gene products are conserved either as a CIGK or CLGK motif that resembles the C-Al-Al-X (where Al is any aliphatic amino acid and X is any amino acid) motif, raising the possibility of lipid modification. 64 We have identified TrmE/ThdF homologues in all eubacterial genomes except in C. pneumoniae (AR39). In addition, homologues have been identified in two archaebacterial genomes: gi10581976 (Halobacterium sp.) and gi2650203 (A. fuldigus). In archaebacteria, to our knowledge, so far there is no report of the presence of homologues of TrmE/ ThdF. The presence of this gene in archae suggests the emergence of this class of proteins before the diversifica- Fig. 4 . The phylogenetic tree of representative prokaryotic members, identified in the present study, that are assigned to two new subfamilies. The two subfamilies, GTP_OBG and GTPase of unknown function, form distinct clusters. Note that Era, TrmE/ThdF, and EngA correspond to the sub-clusters in the subfamily of GTPase of unknown function. Hypothetical GTP-binding protein has been omitted from tree construction because of a circularly permutated motif that effects the quality of the multiple sequence alignment. This tree is constructed considering solely the GTP-binding region.
tion of archaebacterial and eubacterial lineages. The conserved C-terminal C-Al-Al-X motif found in all other eubacterial homologues is absent in the archaeal sequences. The relatedness of two identified archaebacterial members has been explored further using phylogenetic analysis (Fig. 5) , which shows that these two homologues cluster with the subfamily of GTPase of unknown function.
In addition to the homologues of members belonging to the G-protein subfamilies described above, 23 gene products have been identified that cannot be assigned to any of the known subfamilies. They belong to the class of hypothetical GTP-binding proteins whose function is not yet known. The organisms encoding these gene products and their distribution are listed in Table II. The GTP-binding motifs of the various members of the different classes of GTPase of unknown function are well conserved with a few exceptions. The variations are predominantly seen in the G-4 motif wherein Ser/Thr replaces the Asn in the NKXD motifs. The absence of the NKXD motif has also been observed in some cases.
An interesting variation in the order of occurrence of the various GTP-binding motifs along the primary structure of the putative hypothetical GTP-binding proteins has been observed in the analysis. The order of the conserved GTP binding motif is circularly permutated with order being G-4 -G-1-G-3 instead of G-1-G-3-G 32 where they group them into the YawG/YlqF subfamily of proteins. The function of these proteins is presently unknown in prokaryotes. The conservation of the 3-D disposition of the residues forming the GTP-binding pocket in these proteins may be possible despite variations in the order of occurrence at the sequence level.
The GTP_OBG subfamily includes Obg and DRG proteins. The Obg proteins are involved in the initiation of replication 80 and the initiation of sporulation or differentiation. 81 In Streptomyces coeliocolor, Obg has been shown to be a regulator for the onset of cellular differentiation. 82 In addition, Obg is also proposed to be the sensor of levels of GTP in the cell 83 and is implicated in regulation of the stress-induced genes. This is exemplified by the Obg of B. subtilis that activates B , a transcription factor that controls the general stress response regulon 84 and also binds ribosomal protein L13 specifically. 85 DRG proteins are eukaryotic homologues of Obg and they play a critical role in cell proliferation, differentiation, and death. [17] [18] [19] We have identified members of this subfamily in all the prokaryotic genomes (Table II) . The presence of Obg-like proteins in all the prokaryotic genomes suggests that Obg act as a general indicator of the cell developmental status in all the prokaryotes. Interestingly, the archaebacterial homologues contain an additional domain referred to as TGS domain, at their C-terminus. A similar domain organization is seen in Obg homologue in eukaryotes. The function of the TGS domain is unclear, but its presence in regulatory proteins such GTPases and guanosine polyphosphate phosphohydrolase/sythetases suggests a ligand (most likely nucleotide)-binding regulatory role. 86 These putative Obg-like proteins have GTP-binding motifs with a small variation of the G-4 motif where the Asp of the NKXD is replaced by the Glu residue. Variations have also been observed in the G-3 motif with a Glu residue replacing the Asp residue in the DXXG motif. Since the nature of substitution involves amino acids of similar chemical properties, the recognition and accommodation of the guanine nucleotide are not likely to be affected. The GTP_OBG subfamily forms separate clusters in the dendrogram generated using the identified representatives of the two subfamilies, namely, GTPase of unknown function and GTP_OBG (Fig. 4) .
The phylogenetic analysis of this subfamily of proteins was carried out and the dendrogram is shown in Figure 6 . The dendrogram shows that archae and eukaryote Obglike proteins cluster together while the eubacterial homologues form a distinct group. The only exception is the variant from Halobacterium sp. that clusters with eubacterial Obg-like proteins. The domain arrangement of Obg from archae is the same as in the DRG of eukaryotes and it suggests a close evolutionary relationship between the two.
We could not identify homologues of the ␣-subunit of heterotrimeric G-protein and the large GTP protein subfamily of G-protein in prokaryotes. The probable absence of these proteins in prokaryotes could be explained from the fact that they are involved in very specific functions in the eukaryotes, which might not be required in prokaryotes.
CONCLUSIONS
The present study suggests a lack of correlation between the extent of the occurrence of G-protein members in a particular prokaryotic genome and their proteome size. For example Buchnera sp. comprises 12 G-proteins in a total of 564 ORFs, while C. jejuni has 12 G-proteins in 1,634 ORFs. This indicates that evolution and expansion of G-proteins have been restricted to certain organisms based on their functional requirements.
The G-proteins are involved in various functions such as signal transduction, cellular differentiation, and protein synthesis. Our survey for their homologues in prokaryotes has enabled us to understand the functional repertoire of G-proteins in these lower organisms. The translational GTPase have the largest representation in prokaryotes. Among the translational GTPases IF2, EF-Tu, and EF-G have representation in all the prokaryotes analyzed while SelB, RF3, and TypA/BipA are represented in some genomes and LepA members are restricted to eubacteria. The small GTP-binding proteins are poorly represented with only seven homologues identified. In the small GTPbinding proteins, the Ras, Arf, and Rab classes have been represented in prokaryotes while Ran and Rho/Rac/Cdc42 homologues are not detected. This observation is consistent with their specialized function in eukaryotes. One of the small GTP-binding protein homologues from M. thermoautotrophicum has N-terminal sharing sequence similarity to the KaiC protein involved in circadian rhythm. This might allow fine-tuning of circadian rhythm with GTP hydrolysis provided by the GTP-binding domain towards the C-terminus. Our survey also led to the identification of Era homologues in all archaebacterial genomes, which were previously known to occur in two archaea. This suggests that Era homologues have been retained in archaea and are involved in important functions in archaea as well. The TrmE/ThdF members have been identified in two archaebacterial genomes and these occurrences were not known to us previously. Archaea might have acquired these genes from eubacteria or been selectively retained in these genomes during the divergence of eubacteria from archaebacteria.
The phylogenetic analysis of identified G-proteins in the present study such as small GTPase and Obg proteins suggests that archaeal members are more closely related to those from eukaryotes than to eubacterial members. This is also evident from the domain combinations of Obg homologues that are similar in eukaryotes and archaebacterial homologues. Dendrograms of identified homologues of translational factors and GTPase of unknown function shows that various classes forms distinct clusters.
Following the classification scheme and evolution analysis of Leipe et al. 32 on the GTPases and related ATPases and the classification of G-proteins in Pfam, the present study reports many new variations in the G-protein family. As our analysis is confined solely to those prokaryotic genomes that have complete genomic data, it provides a comprehensive collection of G-proteins in these organisms. The deductions of their functions provide an opportunity for the experimentalists focusing on specific prokaryotes or G-proteins to explore previously unidentified G-proteins in prokaryotes. These studies will enable a better understanding of the functional diversity of G-proteins in prokaryotes.
SUPPLEMENTARY INFORMATION
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